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Abstract 
In the present work the milling of three different aluminium titanium of the so-called gamma TiAl (or titanium 
aluminides) is presented. These alloys are solidified in gamma phase, being this a uncommon case in the industrial 
materials. This kind of titanium alloy presents improved mechanical properties even at high temperatures, the ratio 
between resistance and weight and resistance and low corrosion is greater than the more known alfa-beta type 
titanium alloys.  
However an absolute lack of recommendation for machining alter the material production is delaying a lot the use of 
gamma TiAl in car and aeronautical applications. This work presents the main results of a long testing program on 
three alloys, with different application fields. The main conclusion is that they are difficult-to-cut materials, even 
harder to machining that titanium alloys. 
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1. Introduction 
Aluminium-titanium based alloys, such as gamma TiAl superalloys, offer excellent mechanical 
properties,[1], along with very low density. This alloys, offer high strength at high temperatures and good 
resistance to oxidation. Tensile strength can be higher than 1000Mpa and Young´s modulus of 160 Mpa 
[2]. The three basic alloy types in gamma phase have the following composition: 
a) TNB type [Ti (44-45)Al-(5-10)Nb-(0,2-0,4)C] for applications at very high temperatures 
maintaining high values of resistance and oxidation. 
b) MoCuSi type [Ti (43-46)Al-(1-2)Mo-(0,2)Si-Cu] for use at low temperatures with a high 
resistance below 650 ºC.  
c) TNM [Ti (43-45)Al-(5-8)Nb-Mo-(0-0,4)B-C] for applications at very high temperatures, not 
included in this work because its range of application is still very narrow. 
The vacuum arc remelting (VAR), is used for producing ingots of gamma TiAl. The process consist to 
melt in vacuum, drop by drop, the solid material, to solidify it again. In this new solidification, the 
impurities are separated, due to different density of them. Mechanical properties of these materials are 
very sensitive to impurities, segregation, porosity and inclusions. 
Once solidified, the material can be used in ingot or extruded structure. The ingot structure is directly 
obtained to VAR process. For extruded structure, it is necessary a extrusion process to high temperature 
(1200 ºC). obtaining a smaller grain size, with superior yield strength, creep strain and KIC.
Figure 1 shows the difference between melted and extruded alloys, concerning several mechanical 
properties such as yield strength, fracture toughness, endurance limit and creep strain. 
Fig. 1 Mechanical properties of melted (as cast) and extruded alloys (by GfE Metalle und Materialien 
GmbH). 
Extruded alloys present a structure oriented in the extrusion direction. On the contrary melted alloys 
present a structure without any preferable orientation, typical of no extruded or laminated materials. 
In Figure 2, it can be seen the difference in grain size between extruded and non extruded materials. 
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(a)                                                                                 (b) 
Figure 2 (a) Structure of TNM melted alloy and (b) MoCuSi extruded alloy. (×500) 
Research and development of TiAl alloys, began approximately in 1950, but their industrial interest grew 
in the 1990s. Aerospace and automotive sectors [3-4] were more concerned sectors in the development of 
these alloys. The main reason for developing these materials was the ability to operate at high 
temperatures.  
The difference between a alfa-beta titanium alloy such as Ti–6Al–4V and a gamma TiAl alloy is quite 
important, however, the capacity to operate at higher temperatures is attractive. Compared with 
commonly used titanium alloys, the difference in the working temperature could be very significant, even 
until 50 percent. 
Table 1 shows the comparison of mechanical/physical properties between two different alloys: A gamma 
TiAl and a Ti–6Al–4V. Leading aeroengine manufacturers such as Pratt and Whitney, Rolls–Royce and 
General Electric have research programs to evaluate the properties of gamma TiAl alloys for future use in 
military and civilian aircraft engine components. The main purpose of the use of these materials is to 
reduce fuel consumption. The components where the research is focused are low pressure (LP) turbine 
blades, high pressure (HP) compressor blades and blade dumpers. In the automotive field, this material is 
applicable to components such as engine valves, turbo impellers and connecting rods. The sectors most 
advanced in the manufacture of automotive components have been the racing cars sector and the sector of 
manufacturers of high-end cars. The considered materials haven not been introduced in the mid and low-
range vehicles, due to the high cost of materials and manufacturing processes. 
1.1. Machinability of gamma TiAl alloys. 
The machinability of gamma TiAl alloys, is lesser than most of the workpiece materials used in industry. 
[5-6]. Several studies have shown that the combination of different factors introduce titanium alloys in the 
group of materials of low machinability [7]. 
This is due to titanium has low thermal conductivity, retains its strength at high temperatures and usually 
it has chemical affinity, as the coating of tools include titanium in many cases. Machining operation is 
characterised by short chip contact, high stresses and great temperature gradients and consequently short 
tool life. The cutting speeds used are below 70 m / min, and the base of the tools is cemented tungsten 
carbide with a (AlTi)N polished coating. Even when low cutting speed is used, machining is characterized 
by a rapid growth of flank wear, crater wear nearby to the cutting edge and cutting forces greater than in 
the case of other titanium alloys. This increased cutting force leads to the plastic deformation of the 
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cutting edge being higher than in other titanium alloys such as Ti-6Al-4V. The conventional machining of 
gamma TiAl with geometrically defined cutting edges is significantly more difficult than in the case of 
standard titanium alloys. 
In the titanium surfaces the damage produced in the machining process, the plastic deformation, heat 
affected zones and cavities can be found. Comparing common titanium alloys with gamma-phase alloys 
in terms of productivity, temperatures, cutting forces and tool wear / life, it can be said that the machining 
of gamma alloys is more difficult. A general study of gamma-TiAl alloys for different machining process 
is given by Aspinwal and Dewes [8], without specifying the type of TiAl alloys and cutting conditions. 
Gamma TiAl are nowadays in study for different applications. However the lack of cutting conditions for 
the machining of all types of alloys makes it difficult. Thus, several tests to identify possible cutting 
conditions have to be carried out. 
This machining process only is possible with carbide tools, that can be integral tools or mechanical 
fastening tools. Cutting forces generated in the drilling process of these materials are usually very high, 
due to the high abrasiveness of the material. Therefore, low cutting speeds and feed rates have to be used. 
Moreover, it is necessary to use coolant for increasing significantly tool life.  
In the threading process, coated HSS tools can not be used even using refrigeration, as the tools do not 
support generated cutting forces. Lowering the cutting speed and using a proper coolant, these tools still 
break. It is necessary to use coated or uncoated carbide tools. For threading, cutting speed is 
approximately 15m/min with its corresponding feed rate. 
Drilling process, was studied by Olvera et al. [9], giving conservative data, with cutting speed of 10-25 
m/min and feed per revolution of 0.025-0.15 mm in drilling process. Drilling process can be performed as 
conventional drilling or helical drilling. Helical drilling is defined as a superposition of two motions: a 
rotation of the tool on its axis and a helical translation. Values of used cutting speed are of 10-25 m/min 
and feed per tooth of 0.03 mm. This process has advantages over the conventional drilling process in 
terms of tool life and process performance. 
We can see that in these processes used cutting conditions are low and the risk of material damage due to 
its fragility is high. The abrasiveness of the material is another factor to consider, and which limits the 
cutting conditions that can be use. We keep in mind, the high temperature produced during the cutting 
process, due to this abrasiveness, requiring the use of coolant in cutting process. Without suitable cooling, 
the tool life will be greatly reduced, making it impossible to machine in these conditions.  
Not been tested in other machining processes such as grinding and EDM but what if we are testing in 
forming processes [10], such as forging. Heating to 1150 ºC of temperature, these materials exhibit good 
forgeability, obtaining preforms of complex geometry parts. This is usually the prior process to finishing 
operations such as milling, turning and drilling. 
(a)                                                                    (b) 
Figure 3 (a) Forged and (b) later on milled parts. 
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The good forgeability of this type of alloys, allow save a lot of material. Considering the price per 
kilogram of these alloys is a process that is used very often, since it reduces considerably the cost of 
production. The structure of the material suffers a decrease of grain size, modifying its mechanical 
properties and being necessary in many cases a subsequent thermal treatment. 
2. Milling definition 
Cutting conditions used in the test program are indicated in Table 1. These conditions were selected 
tasking into account the lower range of those recommended by tool manufacturers for alfa-beta alloys. 
The machining tests were performed in a vertical CNC milling machine, Kondia® model B640, with 
maximum rotational speed of 10,000 rpm and 25 KW.  
Table 1 Basic machining conditions for testing 
Vc
[m/min] 
Tool 
[mm] 
fz
[mm/z]
F
[mm/min] 
N
[rpm] 
ap
[mm] 
ae
[mm] 
50.00 16.00 0.04 238.73 994.72 1.00 1.00 
50.00 16.00 0.05 298.41 994.72 1.00 1.00 
50.00 16.00 0.06 358.10 994.72 1.00 1.00 
60.00 16.00 0.04 286.48 1193.66 1.00 1.00 
60.00 16.00 0.05 358.10 1193.66 1.00 1.00 
60.00 16.00 0.06 429.72 1193.66 1.00 1.00 
70.00 16.00 0.04 334.22 1392.60 1.00 1.00 
70.00 16.00 0.05 417.78 1392.60 1.00 1.00 
70.00 16.00 0.06 501.33 1392.60 1.00 1.00 
As mentioned above, two different titanium-aluminium allows were studied. The first of MoCuSi type, 
specially produced for car components, being studied the just as ingot and the extrude form. The second, 
the TNB type was only studied in the ingot form.  In total, three alloys were tested. 
Two tests were carried out for each one of the cutting conditions defined in Table 2. The recorded results 
were the mean value of these, to assure their reliability.  
Tools were sintered tungsten carbide end-mills, manufactured by Mitsubishi® submicrograin (grain size 
< 0.9 microns) with 10% Co binder (type TF15, S20) and designed for the most used titanium alloys (type 
Ti6Al4V). The end-mill has six edges, with a light positive primary rake angle of 6º. 
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(Al,Ti)N  Coated 
Cemented carbide  
Substrate  TF15 
Figure 4 Tungsten carbide and AlTiN coating of the end mills 
The coating used in these tools is a (Al,Ti)N type, which was polished later, to get a very low surface 
roughness.  
The flank wear VB of each edge and each tool was measured using an optical microscope with a digital 
camera. In the digitized images it was easy the tool wear measurement. 
The FU 70 W Rhenus® coolant was used in all the tests. It is development for low machinability 
materials.  
3. Results for MoCuSi (ingot), MoCuSi (extruded) and TNB (ingot) 
After the test performing, several outcomes were analysed, always comparing the three types of alloys. 
The high-added value of this material type (more than 400 €/kg) implies that all machining operations 
must be carefully analysed 
3.1. Wear and tool life 
The results obtained during the milling process showed clearly that the most important parameter on the 
tool life was the cutting speed, as in all machining processes.  
Figures 5,6 shows the flank wear VB in function of machining time, for a given feed rate and three 
different cutting speeds.  
Flank wear measurement is carried out parallel to the surface of the wear and in direction perpendicular to 
the original cutting edge. Measurements of tool wear using appropriate equipment at intervals determined 
by the test plan should be recorded in diagrams. For the measurement to be valid, the flank wear land on a 
significant portion of the flank should be of uniform size. Measurement values are the arithmetic mean 
values of the maximum and minimum values. 
In TNB alloys, the influence of cutting speed on tool life is greater than the influence of feed rate. With a 
feed per tooth of 0.05 mm, (see figure 5) increasing 20% cutting speed, decreases 50% tool life. That 
happens, taking as a reference a cutting speed of 50 m/min. If we increase in a 40% the cutting speed, 
useful life lessens in a 70 percent. 
With a feed per tooth of 0.06 mm, (see figure 5) and taking as a reference a cutting speed of 50 m/min, if 
we increase the cutting speed in a 20%, reduces useful life in a 35%. If we increase the cutting speed in a 
50%, tool life is reduced in a 65%. 
In the case of TNB material, cutting speed is the most important parameter to define the useful life of the 
tool. 
142  A. Beranoagirre and L.N. López de Lacalle  / Physics Procedia 22 (2011) 136 – 143
Tool   D=16x32x90









    [min]
W
ea
r 
(m
m
)
9F 
9F 
9F 
Ɏ PPDS PPI] 
DH PP= +5&
Figure 5 TNB (Ingot) milled at Vc=50 m/min, Vc=60 m/min and Vc=70 m/min with a tool feed of 
fZ=0.05 mm/tooth, results of tool wear. 
Figure 6 TNB (Ingot) Vc=50 m/min, Vc=60 m/min and Vc=70 m/min with a tool feed of fZ=0.06
mm/tooth. 
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4. Conclusions 
After testing, the flank wear and the effective cutting time with different cutting conditions were obtained. 
The first conclusion is that cutting speed has the principal influence on the durability of the end-milling 
tools. A small increase in the value of this parameter reduces an important percentage of the useful tool 
life. The feed per tooth is the second factor to have in mind. 
The obtained values can be applied directly in industrial applications where milling is the main operation. 
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